EBEX is a balloon-borne polarimeter designed to measure the intensity and polarization of the cosmic microwave background radiation. The measurements would probe the inflationary epoch that took place shortly after the big bang and would significantly improve constraints on the values of several cosmological parameters. EBEX is unique in its broad frequency coverage and in its ability to provide critical information about the level of polarized Galactic foregrounds which will be necessary for all future CMB polarization experiments.
INTRODUCTION
EBEX (E and B EXperiment) is a long duration balloon-borne experiment equipped with arrays of hundreds of bolometric transition edge sensors (TES) at the focal plane of a 1.5 m aperture telescope. It will measure the temperature and polarization of the cosmic microwave background (CMB) radiation. EBEX has four primary scientific goals, (1) to detect the B-mode inflationary gravitational-wave background signal, or set an upper bound that is a factor of ∼15 more restrictive than current bounds, (2) to provide critical information about the polarization of Galactic foregrounds, particularly of dust emission, at the micro-Kelvin level, (3) to measure the yet undetected signature of lensing of the polarization of the CMB, and (4) to improve the determination of several cosmological parameters by up to a factor of six. All of these goals are of fundamental importance for physics and astrophysics. EBEX will provide an important milestone in the implementation and testing of detector, detector readout, optics, and polarimetry techniques that are being considered for a future NASA CMB polarization satellite, and is unique in its foreground determination capability compared to all current and proposed CMB experiments. In Sec. 2 we review the cosmology that will be probed with the EBEX measurements and in Sec. 3 we describe the EBEX instrument.
SCIENCE
Since its discovery in 1965 the cosmic microwave background radiation has been one of the pillars of the Big Bang model. 1 Measurements of its spectrum firmly established the hot big bang model as the basis of our understanding of cosmology.
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Measurements of the anisotropy of the CMB over the last fifteen years have enabled us to determine cosmological parameters such as the age, density and composition of the universe 3, 4 to unprecedented accuracy. Recent measurements of the polarization of the CMB provide strong support for our model of the CMB.
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As a result of these and other astrophysical observations we have a very successful model for how structures have formed in our universe. Gravitational instability makes fluctuations grow with time, but the fluctuations require initial seeds. The CMB temperature power spectrum and the angular dependence of the cross-correlation between temperature and polarization 7 imply that these seeds had to be created very early in the evolution of the universe.
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The leading scenario for the creation of the primordial seeds is the paradigm of inflation.
11-14 The fluctuations we see today are the direct result of quantum fluctuations of a very light scalar field, the inflaton, during a period of accelerated expansion or "inflation", a small fraction of a second after the big bang.
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However, many of the details of the inflationary scenario are uncertain and perhaps more importantly, the paradigm currently lacks any strong confirmation.
A promising way to confirm the inflationary scenario is via its prediction of a stochastic background of gravity waves, 18, 19, [22] [23] [24] which we call the inflationary gravitational-wave background (IGB). The best known way to search for the IGB is through its signature on the CMB polarization. 25, 26 Thomson scattering of an anisotropic radiation field leads to linear polarization. The temperature anisotropy produced by density perturbations and by gravity waves both lead to linear polarization through this mechanism. However, the pattern of the induced polarization on the sky should be very different in each case. Density perturbations produce a curl-free or E-mode pattern of polarization vectors. Gravity waves produce a curl or B-mode pattern of polarization vectors that density perturbations cannot produce. 27, 28 Thus if polarization can be mapped and decomposed into E and B components (Fig. 1, left panel) , the B component will be an unambiguous signature of the IGB and therefore for inflation. Detection of this IGB signal is a primary goal of the EBEX experiment.
The IGB signal is extremely faint -with a similar or smaller amplitude than expected foreground signals. It is anticipated that the most significant foreground signal will be from polarized Galactic dust 29 ( Fig. 1 , left panel). However, there is currently very little information about the level of polarized dust and its orientation as a function of position on the sky, or about its E and B power spectra. No information exists for any region of the sky at the accuracies required for a B-mode signal detection. A primary goal of EBEX will be to characterize the polarized dust emission and determine its angular power spectra in both E and B-type polarizations.
The dust signal increases with increasing frequency, while the CMB signal is at a maximum at ≈150 GHz. The measurements at 250, 350, and 450 GHz will be primarily sensitive to dust emission, and by extrapolating these measurements to 150 GHz the dust foreground will be subtracted from the primary CMB band at 150 GHz. The predicted uncertainty in the determination of the dust signal at 150 GHz is shown in the right panel of Fig. 1 . The dust measurements will also provide the community with critical information about the polarized dust fraction and orientation as a function of frequency. Given the expected magnitude of the polarized dust foreground, this information is essential for all future CMB polarization experiments.
We have chosen a balloon-borne platform for EBEX because this allows measurements over a broad frequency range and reduces atmospheric effects by three orders of magnitude. 32 At frequencies higher than ∼150 GHz atmospheric emission becomes significant and broad-band observations from the ground are difficult because of a combination of lower detector sensitivity (a result of increased incident power) and higher noise (due to fluctuations in sky emission). Broad-band, ground-based observations are essentially impossible from anywhere on Earth at the higher frequency bands. EBEX is unique among CMB polarization experiments in that it will have four frequency bands between 150 and 450 GHz. This is the broadest frequency coverage of all current and proposed bolometric CMB polarimeters and gives EBEX an unprecedented capability to measure the polarization of the dust emission (Fig. 1, right panel) . 
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Also shown is the estimated dust foreground angular power spectrum at 150 GHz for the region of the sky to be scanned by EBEX. The dust foreground shown is the same in both E and B-type polarization patterns, and its amplitude and slope will be determined by EBEX measurements at 250, 350, and 450 GHz. Right panel: Two sigma uncertainty ellipses in EBEX determination of the amplitude and angular power spectrum slope of the 150 GHz B-mode power spectrum from dust. With 55, 30, and 25 detectors at 250, 350, and 450 GHz, respectively, and for a 14 day flight, the amplitude and slope will be determined to 6% (lighter colored ellipse). With 330, 180, and 150 detectors at these frequencies the two sigma uncertainty is 1% (darker colored ellipse). Nominal values of 0.00759 µK 2 and 0.235 for the amplitude and slope are used.
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The atmosphere is a source of polarized intensity because of Zeeman-splitting of rotational levels of oxygen. The levels are split by the Earth's magnetic field and the amount and orientation of the polarized intensity depends on the strength and direction of the field. 32, 33 The atmospheric linear polarization is predicted to occur at only the ∼10 −9 K level, but circular polarization is predicted at a level of ∼100 µK. 32 A conversion of circular to linear polarization in any ground-based instrument with a level as low as 0.1% would give rise to an instrumental polarization signal that is approximately as large as the IGB signal of 0.1 µK shown in Fig 1, left panel. At 90 GHz the atmospheric signal is ∼5 times the IGB signal. At balloon altitudes the atmospheric signal is a factor of 1000 smaller and therefore should be negligible for EBEX.
Gravitational lensing of CMB photons along their path gives rise to an additional effective foreground. The lensing is the result of the deflection of the path of CMB photons by intermediate mass and energy structures, and it creates a B-mode polarization pattern even in the absence of gravity waves. 34 Based on current measurements of cosmological parameters the magnitude of the lensing B signal is predicted with ∼20% uncertainty, 3, 4 but because of its low amplitude it has not yet been detected. If the amplitude of the lensing signal agrees with predictions, EBEX should have the combination of sensitivity and angular resolution to detect and constrain its amplitude to within 4%. If EBEX achieves its predicted sensitivity a "no-detection" would be of substantial importance because it would require major revisions of our understanding of the evolution of the universe.
EBEX should make a high signal-to-noise ratio determination of the CMB temperature and the E-mode polarization spectrum, and the spectrum of the correlation between the two. The E-mode measurement will allow a factor of between two and three improvement in current estimates of the density of dark energy, the density of dark matter, the density of baryonic matter, and the amplitude of the primordial density fluctuations spectrum. The spatial distribution of density perturbations in the early universe is parameterized by their spectral index and EBEX should improve current constraints on the running of this spectral index by a factor of six. 
EXPERIMENTAL DETAILS

Summary of Approach
EBEX will employ a 1.5 m telescope to focus radiation on up to four separate focal planes, each containing up to 330 TES spider web bolometers cooled to 300 mK. The experiment will operate at four frequency bands, centered on 150, 250, 350, and 450 GHz. The unpolarized (T ) and linearly polarized (Q and U ) Stokes parameters of the CMB radiation will be measured by the well-tested technique of rotating an achromatic half-wave plate at the aperture stop of the telescope and analyzing the radiation with a wire grid polarizer. The telescope will scan a patch of sky 350 deg 2 with a resolution of 8 arcminutes at 150 GHz (Table 1) .
EBEX is carefully optimized to achieve its science goals. The balloon-borne platform and the broad frequency coverage will provide critical information about the dust foreground. The large number of detectors will give the required combined sensitivity that will allow detection of the IGB signal. Figure 2 shows the EBEX payload.
Detectors and Readout
The detection of the IGB signal requires high sensitivity. However, detector technologies have matured to the point that the noise of a bolometric detector is dominated by noise in the background optical loading and therefore the sensitivity of a single detector cannot be improved. To improve sensitivity it is essential to implement arrays of detectors.
We have chosen to use arrays of transition edge sensors for EBEX for several compelling reasons. They are produced by thin film deposition and optical lithography, which is ideal for producing large detector arrays. Due to a strong negative electrothermal feedback effect, they are extremely linear and the responsivity is determined only by the bias voltage, insensitive to fluctuations in the incident optical power and bath temperature. The electrothermal feedback also strongly reduces Johnson and 1/f noise in the TES. TES bolometers are lowimpedance devices, which results in a lower vibration sensitivity than that of high-impedance semiconductor bolometer technologies. SQUID amplifiers will be used to read out the TES bolometers. These amplifiers are inherently low noise devices and there is the possibility to use multiplexed SQUID amplifiers, which will simplify our cryogenic design and facilitate the use of the full 1320 detector capability of EBEX. In our TES spider web bolometer CMB radiation is absorbed by a metalized silicon nitride mesh in a pattern similar to that of a spider's web (Fig. 3, right panel) . EBEX will use arrays of 55 TES bolometers fabricated by our collaborators at UC Berkeley using standard microlithographic techniques. A 330 element TES array is built by tiling six 55 element arrays (Fig. 3 , left panel) and will fill the EBEX focal plane. The arrays are identical in many of their construction parameters to the arrays that will be used for the ground-based experiment APEX
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and for the South-Pole Telescope (SPT). 36 However, compared to the APEX TES the thermal conductance of the EBEX TES will be reduced to 10 pWK −1 to match the lower optical loading at balloon altitudes.
The responsivity, noise properties and time constants of individual TES bolometers have been studied extensively. [37] [38] [39] [40] [41] The measured noise has been shown to reach the fundamental thermal-fluctuation noise limit (Fig. 4) , and the responsivities and time constants match theory closely. Table 1 gives the expected noise equivalent power (NEP) of the EBEX detectors at each frequency.
Initially EBEX will use individual SQUIDs to read the current from each TES bolometer using the readout technique that has been developed for the APEX and SPT receivers. This technique uses a single series-array SQUID coupled to a single room-temperature op-amp. The TES bolometer is ac-biased with a direct-digital synthesis generator and the signal is demodulated with an analog mixer circuit. Since SQUIDs are sensitive to stray magnetic fields the TES and SQUID will be enclosed in a Cryoperm shield.
The above readout system is fully compatible with the frequency-domain multiplexing readout that is being developed by our collaborators at UC Berkeley and Lawrence Berkeley National Lab. The principle of this technique has already been demonstrated by monitoring the current passing through 8 mock TES. 42 Two real TES have also been multiplexed 43 and experiments are underway to further test the technique with greater numbers of TES bolometers. With multiplexed readouts we will use one SQUID readout circuit to read 20 detectors, thereby reducing the number of SQUID wires reaching cryogenic temperatures by the same factor. This substantially reduces the heat load on the cryostat allowing use of the full 1320 detector capability of EBEX. When individual SQUIDs are used to read out each TES the number of detectors will be limited to 715, distributed between the four focal planes. Multiplexed readouts will allow more detectors to be allocated to the 250, 350, and 450 GHz frequency bands, improving the determination of the dust foreground compared to the case of non-multiplexed readouts (Fig. 1, right panel) .
The TES bolometers will operate from a bath temperature of ∼300 mK provided by a 3 He fridge. The fridge will work off of a standard liquid helium/liquid nitrogen cryostat with two vapor cooled shields connected to the boil-off gases of each of the liquids. A detailed thermal model of the cryostat has been made, including all anticipated major heat loads such as radiation, wires, heat load through the 15 cm diameter cryostat window, and parasitic heat loads on the different thermal stages. The modelling predicts that 105 l of liquid helium and 140 l of liquid nitrogen will be sufficient for a hold time of 20 days.
Telescope and Cold Optics
The EBEX optical system is based on the existing well-characterized telescope from the Archeops experiment. It consists of the Archeops 1.5 m aperture primary mirror and a new 1.2 m elliptical secondary that together make a Dragone telescope (Fig. 5, left panel) . This design provides a 4
• field of view and beam resolutions given in Table 1 . Figure 5 , right panel, shows the optics of EBEX contained within the cryostat receiver of Fig. 2 . Four cold lenses, a dichroic filter and two polarizing grids couple radiation from the telescope into four independent focal planes. The lenses, which will be made of either silicon or high density polyethylene, provide both a cold aperture stop, where the rotating half-wave plate is mounted, and a flat and telecentric focal plane suitable for the TES arrays. This configuration provides a 4
• field of view for each focal plane with Strehl ratios of at least 0.966 at all frequencies across the entire field of view, and a Strehl ratio better than 0.991 across the full field of view for 150 GHz. To enable CMB observations to be made in four distinct frequency bands the incident light will be filtered, and different frequencies fed to different parts of the four focal planes. A reflecting metal-mesh low-pass filter with an edge at ∼510 GHz will be mounted near the aperture stop of the system. The dichroic filter has an edge at ∼210 GHz, and acts as a low-pass filter in transmission and a high-pass filter in reflection. Two focal planes with up to a total of 660 detectors that are fed by light transmitted by this filter are allocated for the 150 GHz detectors. The other two focal planes with up to a total of 660 detectors are allocated for the three higher frequency bands. For each of the frequency bands, bandpass filters mounted in front of the focal plane will define the exact band shape. The capacitive inductive meshes of these filters are embedded in a transmissive polymer giving them mechanical rigidity even when cut to non-circular shapes. This flexibility allows us to use different parts of a given focal plane for different frequency bands.
Both silicon and high density polyethylene (HDPE) are commercially available at the sizes required for the lenses. Silicon and HDPE have indices of refraction of 3.416 and 1.567 at mm-wavelengths, [44] [45] [46] [47] which would give rise to coefficients of reflection of 30% and 4%, and to an absorption of 8% and 23% respectively at 150 GHz. We plan to coat either type of lens with an anti-reflection coating but the challenge is to develop a broad-band coating that adheres to the lens without causing damage when cooled to cryogenic temperatures. There is great interest in solving this problem in the larger CMB community because many experiments, including ACT, SPT, QUIET, BICEP, and perhaps a NASA CMB polarimetry satellite will need this technology.
Light will be coupled to the TES array by an array of smooth-walled conical horns. The use of a horn array places the detectors inside a Faraday cage where they are shielded from electromagnetic interference which may enter the cryostat window. The horns will have 1.7 F λ diameter entrance apertures at 150 GHz which allows 330 detectors to fill the 4
• field-of-view of the EBEX telescope. The array will be fed at F = 1.9, giving a 6.5 mm horn aperture at 150 GHz, closely matching the bolometer spacing in the TES array.
The horn array will be made in two parts. A top section which is an array of conical holes, and a lower section an array of cylindrical holes acting as waveguides. Sandwiched between the two is a Cryoperm plate, also with holes in it (Fig. 6, left panel) . This plate is the top plate of a large Cryoperm box which encloses the TES array and the SQUID detectors, which are located inside an additional smaller Cryoperm box at 4 K on the cryostat cold plate below the TES array. Each box attenuates external magnetic fields by more than two orders of magnitude which is necessary to avoid spurious signals in the SQUIDs and TES due to magnetic pickup from the half-wave plate rotation mechanism (Sec. 3.1.3). We calculate that with this magnetic shielding the spurious signal induced in the SQUID will be a factor of 300 smaller than the level of detector noise, while the signal in the TES is an additional factor of 2 smaller. The horn array and large Cryoperm box are connected to the 4 K cold plate of the cryostat and separated by a small gap from the TES array at 300 mK. The efficiency function has the same shape and therefore the same bandwidth near the odd-harmonic peaks of 50 GHz.
Polarimetry
EBEX will use a combination of a rotating half-wave plate (HWP) and a fixed polarizing grid to modulate the polarization signal because this technique provides strong discrimination against systematic errors. To date all successful non-interferometric measurements of IR and mm-wave polarization have used a HWP to modulate the polarization signal. Examples include the Minnesota Infrared Polarimeter, 48 Stokes, 49 Millipol, 50 and SCUBA. 51 The majority of bolometric CMB polarimeters will use a HWP.
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In EBEX the HWP will be rotated at a frequency of f 0 = 20 Hz which will modulate the polarization at 4f 0 = 80 Hz. The combination of scanning the sky with the telescope at 1.8
• s −1 and the rotation of the HWP puts the signal in 15 Hz wide sidebands around 4f 0 . This frequency is well below the ∼160 Hz 3 dB bandwidth of the TES with a 1 ms time constant. We will maintain a polarization efficiency that is larger than 95% over a 40 GHz bandwidth for each of the four bands by employing an achromatic HWP (AHWP). The AHWP is made of a stack of three HWP's the middle one of which is rotated by 57.5
• with respect to the aligned outer plates. The thickness of each HWP is optimized for a frequency of 50 GHz. Figure. 6, right panel, shows the predicted polarization efficiency for such a stack. Achromatic HWP's have been used in the past at the IR and optical wavelengths. 48, 55, 56 The use of a HWP as a polarization modulation provides the following important advantages in discrimination against systematic errors:
• Each detector makes independent measurements of T , Q, and U Stokes parameters for each pixel on the sky. No detector differencing is required. All schemes that rely on detector differencing are prone to errors or increased noise arising from, (a) uncertainty in the difference in gain between the detectors, (b) differences in beam pattern (if the detectors do not share the same light train), (c) difference in absolute calibration, and (d) difference in noise level between the detectors.
• Signals reside in relatively narrow and well defined sidebands around 4f 0 , where f 0 is the HWP modulation frequency. Spurious signals at all other frequency bands, including spurious effects that might arise from modulation at f 0 , are rejected.
• Sky signals are constrained to a band of frequencies that is much higher than the expected < ∼ 1 Hz knee in the 1/f noise spectrum of the detectors.
• Sources of instrumental polarization that are on the detector side of the HWP give rise to systematic effects that do not modulate with the HWP rotation and therefore do not affect the signals from the sky.
• Sources of instrumental polarization that are on the sky side of the HWP are very stable. Therefore they give rise to a stable signal at 80 Hz. A notch filter with a width of ∼0.1 Hz removes such signals without affecting the signals from the sky. The superconducting magnetic bearing consists of a ring shaped magnet (rotor) and tiles of YBCO (stator) which are superconducting at temperatures below ∼90 K. The HWP (not shown) is mounted inside the ring magnet. At temperatures above Tc the rotor is held by mechanical means above the stator. At temperatures below Tc the mechanical constraints are removed and the rotor maintains its position with respect to the stator irrespective of the orientation of the acceleration vector due to gravity. In this picture the stator was cooled to liquid nitrogen temperature with the rotor mechanically spaced ∼4 mm above the tiles. Once cooled the spacing constraints were removed, the configuration lifted from the liquid nitrogen and the rotor was set spinning. The bearing was then abruptly tilted by ∼70
• with respect to the gravity vector. No change in the relative orientation of the rotor and stator and no oscillations of the rotor were observed. Stiff spring constants of 2.0 × 10 3 Nm −1 and 4.2 × 10 3 Nm −1 have been measured in the radial and axial directions, and the oscillation amplitude at the SMB characteristic frequency is less than 10 µm. 61 We are currently investigating a number of options for rotating the HWP. One option is to mount the HWP on a high-temperature superconducting magnetic bearing (SMB) turned with an induction motor (Fig. 7) . Bolometers are sensitive to microphonic pickup and the SMB technique completely eliminates stick-slip friction, which is the primary source of microphonic noise in mechanical bearings. SMBs have been operating for many years [57] [58] [59] [60] and have been shown to reduce friction in bearings by more than 4 orders of magnitude. We plan to measure the noise properties and systematic effects associated with the SMB rotation mechanism. If the SMB is shown to be unsuitable then we have already demonstrated with the MAXIPOL experiment that through the use of special materials, such as vespel, teflon, or rulon, it is possible to reduce microphonic noise associated with mechanical bearings to the level appropriate for measurements of the E-mode polarization.
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Since TES should have substantially less sensitivity to microphonic noise than thermistor bolometers 35 used in MAXIPOL, mechanical bearings may be suitable for a B-mode polarization experiment such as EBEX. In the unlikely event that neither of these techniques is suitable we will simply step-and-integrate with the HWP.
Control of Systematic Errors
The B-mode signal either from inflation or from lensing is expected to appear at the ∼0.1 µK level at a maximum (Fig. 1, left panel) and therefore a command of the sources of systematic errors is critical. We have checked that EBEX can meet specific goals that are necessary for extraction of the B-mode signal. Hu et al. 62 have set benchmarks for the level of residual systematic errors in an experiment attempting to extract a B-mode signal with a given amplitude. The benchmarks calculated for EBEX for detecting an amplitude that is a factor of five lower than EBEX's 2σ upper limit are given in Table 2 . EBEX calibration uncertainty in Stokes Q and U parameters is expected to be 1% -lower than the 6% benchmark, and we expect a maximum level of QU mixing of 0.8% at the edge of the focal plane. We expect a pointing uncertainty that is about a factor of ∼3 smaller than the benchmark for 8 arcminute beams. In-flight measurements of Venus (Jupiter) will provide the shape parameters of the beam at each polarization state to an accuracy of 0.2% (0.1%) of the FWHM of the beam. Table 2 . Types of systematic uncertainties and residual uncertainty benchmarks for EBEX in order to detect a B-mode signal that is five times smaller than EBEX 2σ upper limit (following Hu et al. 62 ). These benchmarks represent residual uncertainties after all known corrections have been applied. The calibration term is the accuracy with which the TES bolometer response must be calibrated, and the QU term sets a limit on the allowable level of mixing between the Q and U polarization states caused by the telescope and optics. The pointing, monopole and dipole terms correspond to uncertainties in the pointing, in the size of beams in two orthogonal polarization states, and in the alignment of these beams, respectively, expressed as a fraction of the beam size. The quadrupole corresponds to uncertainty in the beam differential ellipticity. We have designed these planet scans to achieve the benchmark required by the monopole term of Table 2 . The dipole and differential ellipticity benchmarks are less restrictive and will already be satisfied by the planet scans.
Type Calibration
CONCLUSIONS
EBEX will measure the CMB temperature and polarization anisotropy on angular scales from 8 arcminutes to 15
• , thus finding, or setting a substantially improved limit, on the IGB signal of inflation. To achieve this EBEX will accurately characterize the foreground signal from Galactic dust which will also provide the CMB community with critical information about the polarized dust fraction and orientation as a function of frequency. EBEX should also detect the predicted, but as yet undetected, gravitational lensing of CMB radiation and significantly improve measurements of many cosmological parameters.
